Experimental investigation of a heat sink for cooling of photovoltaic solar cells up to
INTRODUCTION
Solar cells are more expensive than traditional crystalline silicon; the total cell area needed to provide a specified power level can be reduced, due to their inherently higher efficiency and the use of concentration, thus minimizing solar cell material cost. It is expected that concentrating photovoltaics (CPV), in which the large area of expensive semiconductors is replaced with an equivalent area of relatively low-cost optical reflectors, will lead to considerable cost savings. The power density per unit area of the cell is greatly enhanced by collecting and focusing the light into a small intense beam leading to a reduced cell footprint for comparable power generation. Parabolic or circular paraboloid dish concentrators work by reflecting all incoming light incident on its surface to a single focal point, where the receiver containing the cells is located. Parabolic dishes can be scaled up or down in size and have a theoretical concentration limit of 10,000 suns. This factor is lower in practice due to imperfections in the reflecting surface, but 2000 suns or more is attainable. Solar cells, like most semiconductor-based electronic devices, are adversely affected by temperature. When the temperature rises, more electrons are excited into the conduction band and, in a PV cell, this has the effect of reducing power conversion efficiency. Concentrator photovoltaic systems, or CPVs, are used to gather solar energy by using reflective surfaces to concentrate solar light onto a small photovoltaic cell. This reduces the cost of energy production because the materials for the reflective surfaces are cheaper than solar cells. The problem with this method, however, is that the high concentration of sunlight heats up the solar cells to high temperatures very quickly and consequently may decrease the efficiency of the electricity production.
Also, nonuniform temperature distribution on the heated surface may result in potentially destructive thermal stresses along the interface between the chip and the substrate or heat sink. This is one of the key justifications for seeking nearly isothermal heat sinks. Furthermore, a large temperature gradient is undesirable for the electronic performance since many electronic parameters are adversely affected by a substantial temperature rise (Workman et al., 1998; Bohr, 1995) .
Two-phase flow in parallel microchannels, for which the feed is from a common manifold, displays interesting phenomena, as the two phases may split unevenly when entering the parallel piping. A nonuniform distribution of a
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inlet flow pressure (Pa) W 2 pin width (m) P 3 outlet flow pressure (Pa) x vapor quality working fluid inside the parallel channels leads to variation of the local heat transfer coefficients and, as a result, to a nonuniform temperature of the cooled surface in the transverse direction (Hetsroni et al., 2000) . 
EXPERIMENTAL SETUP AND PROCEDURE
An open cooling system incorporating pin-fin microchannel, inside which the electronic device is cooled by a refrigerant, was used in the current study. The experimental test loop is quite different from refrigeration cooling systems described in the literature, e.g., by Lee and Mudawar (2008) and Agostini et al. (2008) . The experimental facility is shown in Fig. 1 . The micro pin-fin heat sink was manufactured of copper using wire electric discharge machining (EDM) machining, yielding square cross-section pin fins, 1 mm high and 0.35 mm on a side, on a 0.7 mm pitch. The temperature measurements of the fluid and the insulation in all blocks were carried out by 0.3 mm diameter T-type thermocouples with an accuracy of ±0.1
• C. Infrared system was utilized to study the temperature field on the electrical heater. The IR camera is suitable for temperature measurements in the wavelength range of 3.6-5.1 µm, with a sensitivity of 0.1 K and a typical resolution of 256 pixels per line.
A reservoir is used to store 13.6 kg of nonflammable liquefied gas CF 3 CH 2 F 134a and to accurately control the working pressure. This reservoir is connected to a series GB magnetic drive gear pump that provides precise, pulseless flow for a range of fluid temperatures from -46 to 177
• C. The singlephase fluid from the pump enters through a pressure regulator to a Coriolis mass flow meter and then to a throttle regulator. A sight glass pipe, immediately prior to the Coriolis mass flow meter and the throttle regulator, is used to check for vapor bubbles in the liquid flow. The single-phase fluid flow is always observed through these transparent pipes. In the throttle regulator the fluid undergoes an expansion, resulting in two-phase flow. The throttle regulator is used to adjust the two-phase flow temperature.
The working fluid enters the test section, where it evaporates by absorbing heat from the pin-fin heat sink, and is then released to the atmosphere. The test section assembly itself consists of heated and adiabatic sections. The key advantage of this configuration over the closed loop configurations is that the compressor and condensation problems are completely eliminated. This greatly simplifies the structural design of the module as well as reduces cost, although admittedly at the financial and environmental cost of the discharged refrigerant.
Schematic drawings of the heat sink and pin-fin dimensions are shown in Figs. 2 and 3. 
FIG. 2: Schematic drawing of heat sink
In order to quantify the refrigerant qualities at state points of the system according to Fig. 4 the equations listed in this section were used. The enthalpy of single-phase fluid at point A is defined by the temperature T 1 using thermodynamic properties of HFC-134a.
where I L,1 is liquid enthalpy at quality x = 0 and temperature T 1 . As discussed above, enthalpy at the state point B is assumed, LG is the latent heat at temperature T 2 . Entropy at point B is
where S G2 is the vapor entropy and S L2 is the liquid entropy at temperature T 2 .
The saturation temperature of the refrigerant is not constant along the length of the pinfin heat sink. It was calculated using the mean temperature T av = (T 2 + T 3 )/2 between the inlet and the outlet of the heat sink. The power transferred to the working fluid under steady-state condition is
where I and V are the input current and voltage, φ is the ratio of the heat transferred to the working fluid to the local heat generation. For each set of experimental conditions an energy balance was performed, the average temperature of the insulation was used to calculate the heat losses due to natural convection and radiation to the ambient, and the value φ was calculated. Under unsteady condition one needs to also consider the absorption of energy needed to raise the heat sink temperature. This "heat loss" was calculated using values of time variation of heat flux, wall temperature, along with the mass and heat capacity of the chip. This additional heat loss during the transient experiments was found to be in the range 5%-8% of the applied heat. The difference of entropy between state points B and C is
and entropy at state point C is
The vapor quality at state point C is
where S G3 is the vapor entropy G is the mass flow rate of the fluid, and S L3 is the liquid enthalpy at the temperature T 3 . To determine the heat flux from the heater, several heat transfer surface areas may be used in the calculations. The first is the plate area, F , of the heat sink. The second is the mean heat flux along the heated perimeter. A comprehensive discussion on the application of these two definitions to evaluate the mean het flux is presented by Qu and Mudawar (2004) . In the present study the plate area was used and the heat flux, q, was defined as
The average temperature at the base of the microchannels, T b was then calculated using the average surface temperature of the heater,
where T W is the heater temperature, δ is the thickness between the heater and microchannel base, and k is thermal conductivity of the channel base. The heat transfer coefficient was calculated as
Experimental Uncertainty
Errors depend on measurements of the following values; channel depth, H1 channel width, W 1, channel length, L, pin height, H2, pin width, W 2, inlet and outlet pressure, P 2 and P 3 , inlet and outlet temperatures, T 2 and T 3 , mass flow rate, G power transferred to the working fluid, N , heated wall temperature, T W . The error in determining mass flux is due to errors of measurements mass flow rate and errors of calculations of the normal to the flow heat sink cross section. The error in magnitude of heat flux is due to the errors of N , heater dimensions, and heat losses. The error in the estimation of heat losses is due to correlations for calculations of natural convection and radiation heat transfer. The uncertainty of measurements depends on bias limit, which is an estimate of the magnitude of the constant error and on precision limit, which is an estimate of the lack of repeatability caused by random errors. The uncertainties in determining various parameters in this study are given in Table 1 . Vapor quality x 9.8% 10. Inlet and outlet temperatures T 2 , T 3 0.2 K Pressure P 2 , P 3 1.0% Heat transfer coefficient h 11.6% Figure 5 shows the dependence of the vapor quality, at the outlet of the test section, on the heat flux. Under conditions of the present experiments-fixed heated wall temperature of about 50
RESULTS
Steady-State Experimental Data
• C and given fixed values of mass flux-this dependence is close to linear and the vapor quality decreases with increasing heat flux. Note that for each point shown in Fig. 5 the value of heat flux is related only to the fixed value of mass flux. Because of this the vapor quality decreases along axis q. Figure 6 shows the dependence of the heat transfer coefficient on the heat flux. For high values of heat flux, a linear increase of heat transfer coefficient with increase in q was also reported by Agostini et al. (2008) . Figure 7 shows the heat transfer coefficient versus vapor quality at different values of mass flux. For high values of heat fluxes the heat transfer coefficient decreases rapidly with increasing vapor quality. Experimental study available for refrigerant R134a flow boiling at high heat fluxes in microchannel heat sink was done by Lee and Mudawar (2005) . Decrease of heat transfer with increasing vapor quality was found also for other refrigerants by Lee and Mudawar (2005) and by Agostini et al. (2008) . 
Time Variation of Average Heated Wall Temperature
One of the most important parameters of the heat sink is the temperature of the heated wall, TW, often called the base temperature. The base temperature in electronic packaging is the reference temperature for all the electronic components attached to the base. Using this reference temperature one can estimate the maximum junction temperatures and decide if a given component may be employed. It may be concluded that for known time variation of heat flux, the value of mass flux may be chosen to keep the maximum reference temperature within a given range.
Steady-State Temperature at the Early Stage of Time Varying Heat Flux
In the opening stage of experiments, the steady-state temperature distribution was measured at fixed mass flux. value of x > 0.55 the heat transfer coefficient decreases with increasing vapor quality. Such a behavior agrees with results reported by Qu and Mudawar (2003) and Reeser et al. (2014) . Another noteworthy feature of the same data is the larger magnitude of the heat transfer coefficients compared to values obtained under steady-state conditions. For example, at m = 380 kg/m 2 s and q max = 170 W/cm 2 the heat transfer coefficient was 25,000 and 31,000 W/m 2 K for steady-state and time-varying conditions, respectively.
Boiling Parameters under Temporal Variations of Heat Flux
The observed variation of the heat transfer coefficient with quality is reminiscent of the trends described previously in microgap flow boiling experiments by Rahim et al. (2011) . Though it was suggested by Krishnamurthy and Peles (2008) that there may be flow regimes unique to micro pin-fin arrays, such as bridge flow, the observed trend in this study is analogous to that occurring in microgaps and microchannels, and may thus be explained by the general physics of two-phase phenomena in microchannels. Following Rahim et al. (2011) , it can be expected that two-phase heat transfer coefficients will increase steeply from their single-phase values upon the initiation of nucleate boiling, for incrementally positive flow qualities, then decrease by transition to intermittent flow, as vapor "slugs" pass through the pin-fin array and induce portions of alternating thin film evaporation and local dryout at the wall and surrounding pin fins. As the end of the slug-vapor intermittent regime and the onset of annular flow is approached, the heat transfer coefficient can be expected to plateau and then begin to increase as thin film evaporation becomes the dominant heat transfer mechanism and rising heat transfer coefficients result from thinning of the evaporating liquid film surrounding the pin fins. Farther into the annular regime, a decrease in the heat transfer coefficient occurs, resulting from widespread local dryout of the liquid film. While the exact flow regime progression for pin-fin microchannels is as yet unknown, the similarity of the observed variation in the heat transfer coefficient with exit quality to that seen in microgap channels provides an initial basis for interpreting these empirical results.
CONCLUSIONS
Experiments were performed using an open-loop cooling system incorporating pin-fin microchannel inside which the electronic device was cooled by a refrigerant. The key advantage of this configuration over the closed-loop configurations is that the compressor and condensation system is eliminated. This greatly simplifies the structural design of the module as well as reduces weight and cost. Experiments were performed in the range of heat flux q = 30-170 W/cm 2 , and mass flux m = 230-380 kg/m 2 s to explore heat transfer characteristics under steady-state conditions and when the values of heat flux varied during a time interval of 10 s.
The results of quantitative measurements, such as deviations of the surface temperature from time and space average values, are discussed. Results show that temperatures can be maintained with an uncertainty varying from 1.5
• C at q = 30 W/cm 2 to 2.0 • C at q = 170 W/cm 2 . These results indicate that pin-fin microchannel heat sink enables one to keep an electronic device near uniform temperature under conditions of steady-state and time-varying high heat fluxes.
The heat transfer coefficient varied significantly with refrigerant quality and showed a peak at a vapor quality of 0.55 in all the experiments. At relatively low heat fluxes and vapor qualities the heat transfer coefficient increased with vapor quality. At high heat fluxes and vapor qualities the heat transfer coefficient decreased with vapor quality. A noteworthy feature of the same data is the higher heat transfer coefficients attained under transient conditions, compared to values obtained under steady-state conditions.
